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1. Introduction

We describe a new polarized-proton and -antiproton beam with 185-GeV/c
momentum in the Fermilab MP beam line which is currently operational. The
design uses the parity-nonconserving decay of lambda and antilambda hyperons
to produce polarized protons and antiprotons, respectively. A beam-transport
systern minimizes depolarization effects and uses a set of 12 dipole magnets that
rotate the beam-particle spin direction. A beam-tagging systemn determines the
momentum and polarization of individual beam particles, allowing a selection
of particles in definite intervals at momentum and polarization. We measured
polarization of the beam by using two types of polarimeters, which verified the
determination of polarization by a beam-particle tagging system. Two of these
processes are the inverse-Primakoff effect!! and the Coulomb-nuclear interference
(CNI) in elastic proton-proton scattering.? Another experiment® measured the
n° production asymmetry of large-x g values; this process may now be used as an
on-line beam polarimeter.

Since polarized heamnas and polarized proton targets became available for use
in high-energy cxperimen*s, various measurements of the polarized phenoment
have been made. The physics objectives for the Fermilab polarized beam facil-
ity up to 183 GeV/c are in part based on the fact that there are already several
experimental indications?! that spin effects are significant at high energy. They
are: (a) measurements of 7% production at high pL(pL > 2.0 GeV/c) in proton-
proton collisions at CERN aad in 7~ proton collision at Serpukhov revealed sizable
asymmetriec ot 24 GeV/c and <0 GeV/c, respectively. (b) Hyperons produced
at large x inclusively off nuclei and hydrogen at CERN, Fermilab, and ISR were
observed to have high polarizations. (c¢) Inelastic scattenng of longitudinally
polanzed electrons on longitudinally polarized protona at SLAC yielded a lnrge
asymmetry, implying that proton helicity orientation is communicated to the con-
stituent quarks. Thus, spin dependence in quark-quark collisions can be inferred
from measurements of spin dependence in proton-proton collisions in appropriate



kinematic regions. A number of theoretical models have been introduced to ex-
plain these polarization phenomena and predictions for future measurements have
been made.

2. Polarized Beam Facility

During the last decade, construction of a high-energy (above 100 GeV/c)
polarized beam has been attempted. In order to eliminate possible complications
involving depolarization at high energies, polarized protons can be produced from
decaying hyperons, lambdas or sigmas. The Fermilab polarized-beam facility was
constructed and operated during the TeV-II fixed target period.

A polarized proton beam from A? decay at Fermilab was suggested by
Overseth®! in 1969 using the fact that the protons from lambda decay are polarized
along their direction of motion in the lambda rest frame. This polarization has
been measured by Cronin and Overseth® to determine the relative amounts of s-
and p-waves in the decay. For unpolarized lambda, the polarization of the prcton in
the direction of the motion is 64%. It has been sho~n that we can seiect protons or
antiprotons at various momenta which are decaying around 6..m. = 90° from lamb-
das or antilambdas, respectively.”] Spin direction in the lambda center-of-mass
(decay frame) is shown in Fig. 1. We note that spin direction is almost unchanged

Fig. 1. Spin direction of protona va decay nngles. The spin direction is indiented
by the arrow.



in transforming from the lambda-decay frame to the laboratory. Therefore protons
and antiprotons decaying around 8. ,,. = 0° and 180° are longitudinally polarized
while those with 8. ,. = 90° are transversely polarized in the laboratory. Protons
or antiprotons with 6. . = 90° and —90° have opposite laboratory decay angles,
which are not zero. They can be distingnished from those decaying at 6., = 0°
from lambda or antilambda with the production target as the source of the beam.
Virtual sources for | 8..,m. |= 90° particles are shown in Fig. 2.
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Fig. 2. Diagram of the primary production target, A decay process, and virtual
source of polarized protons. Lambda particle, produced from incident
800-GeV/c protono on a beryllium target, decay into proton (shown) and
pions (not shown). The polarization state of the proton is correlated with
the position in the plane of the virtual source. The virtual source points
are shown by the dashed lines traced back to this plane from the proton
trajectory.

Unpolarized protons are accelerated to 800 GeV/c in the superconducting
ring of the Tevatron and are extracted during a 20-sec spill. The extracted pri-
mary proton beam strikes a beryllium target and creates unpolarized lambdas.
The prumary beam line is shown in Fig. 3 where a parasitic target 18 typically used
to produce an electron beam for calibration purposes. The secondary beam line
up to 200 GeV/c is shown in Fig. 4. The S-type beam is produced before reaching
the snake magnets which cause fnst reversal of spin direction (typically every 10



spills). The snake magnets, consisting of 12 dipole magnets with 45° precessions,
can also change the spin direction from S to N or S to L without altering beam
direction and phase space before and after the magnets. These magnets are ex-
pected to control systematic errors by periodic reversal. A spin rotator is used
in the beam line for two reasons: (a) to periodically reverse the polarization
direction so t!.at experimental systematic errors are controlled, and (b) to change
the spin direction from horizontal (S-spin direction), which is the spin component
actually tagged, to vertical (N spin direction) or longitudinal (L-spin direction) for
different experimental measurements. Polarized protons from the virtual sources
are focused in the tagging section, where both the momentum and polarization
are selected.
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Fig. 3. Diegram of the MP primary beam line (not to scale). Shown are the
split from the MC beam line, the two sets of cryogenic bending magnets,
beam-line detectors (SWIC-segmented wire ion chambers and SEM-
secondary emission monitor), and the production target.
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Fig. 4. Layout of elements along the MP polarized beam line. Shown here are
a side view of the production target, neutral particle dump, adjustable
collimator, beam tagging region, snake magnets, Cerenkov counters and
experimental target. Note the difference in scale betweeen the horizontal
and vertical axis.

Polarized protons have their polarization and momentura values electroni-
cally “tagged” within 250 ns after they reach the intermediate focus, using the
correlation between the proton trajectory and its transverse polarization state. A
total of ten beam scintillator hodoscopes, six located at the intermediate focus and
four near the experimental target, detect the particle trajectory in the vertical (y)
direction and the horizontal (x) direction. The beam is designed so that the par-
ticle momentum is measured in the verticai direction and the polarization in the
horizontal. Polarized antiprotons are tagged in a similar manner as the polarized
protons. The beam-tagging system must operate reliably and efficiently during
data-taking periods. It is also used as an aid in optimizing the beam parameters
and in beam tuning.

The polarization is strongly related to the x-position at the tagging section
and the average polarization, <P>, and I<P>?, where [ represents actually mea-
sured beamn intensity, is chovn in Figs. 5 and 6, respectively, with respect to x in



mm. The beam line was operated at 800 GeV/c incident momentum. The inten-
sities of the total (not tagged) protons and antiprotons at 185 GeV /c were 1.5 x
107 /spill and 7.5 x 103 /spill, respectively, for incident protons with 10'?/spill. The
intensities of tagged polarized protons and antiprotons with polarization higher
than 35% were 8 x 10% and 4 x 10°, respectively. The results are consistent with
the tagged values.
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Fig. 5. <P> vs x in the tagging section.
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Fig. 6. I<P>? (arbitrary unit) vs x in the tagging system.

3. Polarimeters

As discussed previously, the beam-tagging system assigns a polanization value
for each beam particle relative to a known trajectory. An absolute measurement
of the beam polarization is necessary to confirm these values. Two polarimeters
have been developed for use with high-energy particles. The polarimeters are
based on the following reactions that result in an asymmetry in the scattening
process: (a) the dissociation of polarized protons in the Coulomb field of a
nucleus (Primakoff-effect polarimeter), and (b) the Coulomb-nuclear interference
in the clastic acattering of polarized protons by a proton target (CNI polarimeter).
Because the analyzing power is known, the observed asymmetry measured by these
polarimeters determines the absolute magnitude and sign of the polarization of
the proton and antiproton beams. The measurement of the beam polarizations by
these polarimeters serves both as a crucial test of the beam-tagging system and
also as an independent measure of the beam olarization.

4. Primakoff-Effect Polarimeter

The Primakoff-effect polarimeter determines the proton-beam p.larization
by measuring the asymmetry of the Primakoff process, or coherent Coulomb



dissociation.!! An incident proton is converted to a p-7° system in the Coulomb
field of a high-Z, nuclear target, given by

P+Z—-p+1" +2—-p+7°+2, (1)

where Z is the high-Z nucleus and v* is the exchanged virtual photon. This
reaction is related to low-energy photoproduction, including polarization effects,
of a 7° by a proton. The polarization of the 185-GeV/c proton beam can be
determined from the measured value of the polanzed-target 2symmetry parameter
from this low-energy (~ 700 MeV) photoproduction process.®]

The cross section. op;jm, of the Primakoff process is described in terms of
the corresponding low-energy photoproduction cross section, dppoto, by:

doprim «Z  Opnoto Pt )
Prim 04 P L /
dM, o dt do r Mg'O —M: P [F(t)|° [1 + T(8)Ppg cos ¢], (2)

where Mo is the invariant mass of the p-n? system, M, is the proton mass,
t is the four-momentum transfer squared and t' = t — tmj, = — p¥ for the virtual
photon, FY{t) is the form factor for the target nucleus, T'() is the polarized-target
asymmetry parameter from the pbotoproduction experiments, 6 is the scattering
angle between the #° and the virtual photon, Pg is the polarization of the incident
protons, and ¢ is the azimuthal angle of the 7% relative to the direction of the
polarization vector of the incident proton.

The apparatus for the Primakoff-effect detector is shown in Fig. 7. 1t consists
of a Pb target, 3-mm thick, surrounded by several lead-scintillator sandwich veto
counters, a 156-element iead-glass calorimeter, 12 multiwire proportional chambers
(MWPCs), a 2.6 T-m integrated-field analyzing magnet, and four trigger scintil-
lation counters. A set of plastic scintillation counters placed upstream of the
calorimeter is used as a charged-particle veto.

Five MWPCs, located upstream of the target, measure the trajectory of
the incident beam particle. Downstream of the target, seven MWPCs trace the
trajectory of the scattered proton and, along with the analyzing magnet, mea-
sure the proton momentum. Typical values measured for the proton momen-
tum are from 110 te 160 GeV/c with a scat:ering angle from 1 to 4mrad. The
momentumn resolution is about 1% (rms) and the angular resolution is about
6 x 10~? mrad (rms), which includes the contribution of multiple scattering in
the Pb target.
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Fig. 7. Layout of the Primakoff-effect polarimeter. The dimensions transverse
to the beam are not to scale.

The lead-glass calorimeter, located 17m downstream of the target, detects
the position and energy of the two photons from the 7% decay. Each block of
the 156-element array measures 3.8cm x 3.8 cm x 45 cm, corresponding to about
19 interaction lengths, and is placed into an array. A hole in the center of the array,
4 x 4 blocks in size, allows passage through the calorimeter of the scattered protons
and the unscattered beam. The typical energy range of ihe reconstructed n°, as
measured by the calorimeter, was from 30 to 70 GeV/c*. The mass resolution for
the reconstructed neutral pion was 8.4 MeV/c? (rms). The typical range of n°
production angles was from 6 to 10 mrad, with a resolution of about 0.2 mrad (rms).

The detectors accept the events which are in the region of the maximum
analyzing power | t' |< 0.001 (GeV/c)? 1.34 < M40 < 1.50 GeV/c?, 70° < 87, <
120° and A¢ = £30° on both sides of the beam line.

The Primakoff-effect polarimetsr colle:ted data during about 50 hours, us-
ing a verticelly-polarized proton beam at a rate of 107 incident protons per 20-sec
spill on the Pb target. This produced a trigger rate of approximately 1000 events
per spill and a total of 2.7 x 10% events were recorded. The spin direction of the



polarized-proton beam was changed every 10 min by 180° using the spin-rotation
system. This minimized the systematic errors in the asymmetry measurement.
Data were also taken using carbon and copper targets to understand the diffrac-
tive background. The data analysis is still in progress, but preliminary results are
given here. The average beamn polarization is measured as 40 +9 + 15%, compared
to the averag> tagged-beam polarization value of 45%. The first value of the stated
error is statistical, and the second value arises from the uncertainty in the sub-
traction of the diffractive background process. A small sample of data was taken
with the Primakoff-effect polarimeter using polarized incident antiprotons. Even
though the amount of data was too small to determine an antiproton-beain polar-
ization, the Primakoff process was ciearly observed using antiprotons. Within the
systematic and statistical errors discussed above, the Primakoff-effect polarimeter
has measured the absolute magnitude and sign of the proton-beam polarization
and confirmed the polarization of the beam as measured by the beam-tagging
system.

5. Coulomb-Nurlear Interference (CNI) Polarimeter

The CNI polarimeter determines the proton beam polarization by measuring
the asymmetry parameter for proton-proton elastic scattering in the Coulomb-
nuclear interference region of the momentum transfer squared, |t| = 1 to 30 x
1073 (GeV /c)z. The analyzing power for this process arises from the iaterference
term between the nuclear non-flip amplitude and the <lectromagnetic spin-flip
amplitude,?! and is approximated by:

423/2
A(t) = An (m) : (3)
At z = 1, A(t) has a maximum value of

An= LB oy L], g

where z = t/t,, and t,, = 8taV3 /o,o. The quantit - (4 — 1) represents the
anomalous magnetic moment of the proton, a is the fin« structure constant, and
Oiot 18 the total cross section of the reaction. This analyzing power is well-known
for both p-p and P-p interactions, and is virtually independent of the energy. The
analyzing power has a maximum value of 4.6% at ¢ = — 3.2 x 1073 (GeV/c)?.

The CNI polarimeter, shown schematically in Fig. 8, consists of seven scintil-
lator targets surrounded by lead-scintillator sandwich veto counters, the two sets



energy-loss distribution for a minimally-ionizing proton (this requirement does n _t
apply to the stilbene counter), (3) no veto counter signal, (4) a proton scattering
angle corresponding to an elastic p-p interaction with |t| > 0.001(GeV/c)?, and
(5) a calculable proton polarization value from the beam-: tagging.

Data with the polarized-proton beam were tak-u during two different periods,
accumulating a total of 3 x 10% events in 29 hours. .he direction of the vertically-
polarized proton beam was periodically reversed by the snake magnets to minimize
systematic errors. About 20% <f the total number of events had tracks consistent
with elastic p-p scatt-ving and [t| > 0.601(GeV/c)?; more than one-half of the
other events were due .0 noninteracting protons or very small angle scattering.
The measured result is 41 £ 26%, compared to the beam-tagged value of 42%. A
small amount of data was taken using th: polarized-antiproton beam. Assuming
that the analyzing power for inclusive small-angle sca‘tering of antiprotons is the
same as that for protons, the measured autiproton beam polarization was 47 +
16%, compared to an expected value of 43% from the beam-tagging.

The result from the CNI polarimeter, although limited by low statistics, is
consistent with the expected average bearn polarization as given by the beam
tagging system.

6. Large-xr Pion Production

Along with the measuremeuts made by the two polarimeters, the inclusive
production of neutral pions at lerge x;- has also shown a spin-dependent asymme-
try in the production cross section.’ A nonvanishing analyzing power found in
this inclusive reaction means that it can be used as an on-line beam polerization
monitor for future experiments. Several features make this an attractive choice:
(1) the reaction has a large cross section, (2) detection of the two photons from
the 7° decay is a relatively simple measurement, (3) no charged-particle track re-
construction is necessary, and (4) this detector does not interfere with detectors
from other experiments. The required calibration of this pola-imeter is provided
by the absolute measurements of the Primakoff-effect and CNI polarimeters.

The detector used to measure the position and energy of the two photons
is a segmented, electromagnetic calorimeter located 50.5m downstream of the
experimental target. The inner edge of the calorimeter is displaced 30 ¢cm to the
right of the nominal beam axis to enhance the acceptance of larger transverse-
inomentum particles and reduce unwanted backgrounds. The calorimeter consista
of two parts: (1) an array of 123 lead-glass blocks, each 6.35c¢m x 6.35 cm and



of hodoscopes located upstream of the experimental target, a “Gray code” trans-
mission hodoscope,® twelve MWPCs, and a dipole analyziug magnet. The trigger
for an elastic p-p scattering event is defined by signals from both the scintillating
target and the hodoscopes.
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Fig. 8. Layout of the CNI polarimeter. The dimensions transverse to the beam
are not to scale.

The target consists of seven scintillation counteis, which are 4.0 cm in diame-
ter and range in thickness from 0.5 to 5.0 mm. Six of the acintillation counters are
inade of Pilot B material and are spaced at 20-cm intervaly alung the beam direc-
tion. The seventh, which is the 5.0-mm counter, is made of stilbene and is located
71 cm upsiream of the first plastic scintillator. The signal from each scintillator
goes into an ADC so that recoil protons can be separated from the transmitted
protons by integrated pulse height. The recoil protons in the region of in‘erest
have energies ranging roughly from 1 to 10MeV, compared to the tranamitted
protons, which deposit between 0.1 and 0.6 MeV in the plastic scintillators and
about 1 MeV in stilbene.

The CNI trigger usen only scintillator information to quickly determine a
valid event. The trigger requirements are: (1) only one proton detected before and
nfter the target, (2) at least one signal from the plastic-target seintillators must
have n pulse height greater than a threshold that nceepts only 5% of the Landau



13 radiation lengths, and (2) a downstream section consisting of a 16-layer, lead-
scintillator sandwich calorimeter, with 6.35 mm of lead and 1.27 cm of scintillator
per layer. The lead-glass portion absorbs about 75% of the energy in a particle
shower and provides the necessary position measurement for the 7° reconstruction.
The blocks are stacked in the shape of a semicircle, placed symmetrically with
1espect to the horizontal plane, so that the acceptance i3 the same for pions with
the same transverse momentum. The lead-scintillator sandwich portion is divided
into five sections vertically, with each section using four photomultiplier tubes.
A veto scintillation counter is used upstream of the calorimeter to discriminate
charged-particle from neutral-particle events.

A total of 2.85 x 10° triggers were recorded from a :otal beam flux of 1.17 x
10'° protons. One-half of the data was accumulated with a 10-cm polyethylene
target, while the remaining portion used the CNI scintillator target. An aver-
age trigger rate was 300 per 20-sec spill, of which 7% reconstructed to a neutral
pion. The average beam ponlarization was 44% for protons with tagged polarization
magnitudes between 30 and 55%.

The average analyzing power measured*! for the inclusive 7° production at
(xr) = 0.52 and (pr) = 0.8 GeV/c is 10 £ 3%. The analyzing power for back-
ground events is consistent with a zero value. With this new analyzing power
measurement, the 7 incl'sive process at largc xp ca- serve as a useiul monitor
oi the beam polarization for future experimental needs.

7. Conclusione

A polarized-proton and polarized-antiproton beam line using & new design
has been built and tested at Fermilab. Its succersful initial operation at 185 GeV/c
makes this the highest-energy polarized-proton beam in the world and the only
available polarized-antiproton beam. Future experiments planned for this facility
include: a measurement of Aoy, the difference in the parallel and antiparallel total
cross sections for pure helicity states, the Inrge transverse momentum prodnction
of neutral pions »nd large-xp production of A and L° hyperons and pions. Moat of
the detectors are already set up in the MP-Hall (see Fig. 9) for use in performing
these experiments
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Fig. 9. Dectectors in the MP expsrimental hall (top view) HB1,23: beam
hodoscope, HB4,5,6: transmission hodosccpe, Target:  polarized
proton/hydrogen target/polarimeter tncget, H1 to H4: trigger hodoscope,
MSD1,2: multistrip detecte, PCl to 14, MWPC, V1,V2: veto hodoscope,
G1,2: lead glass crlorimter, G3,4: lead giass hodosacope.
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